eed resistance to herbicides has been a hot topic in the press lately, particularly as it pertains to the popular herbicide glyphosate. But weed resistance to herbicides is a problem that growers and land managers have been battling for many years. It affects many other classes of herbicides and pest products aside from glyphosate. For example, 2,4-D and atrazine, two other popular and effective herbicides, have had resistant weeds for many years.
However, growers have continued to use these herbicides and have still been very productive while doing so, according to Rick Cole, Monsanto's technology development manager. He believes Roundup will continue to be an essential tool for growers as well. "You can manage through resistance," he emphasizes.
The basics of weed resistance to herbicides-and the principles for resistance management-are based on fundamental ecological principles of how populations respond to selection pressures in their environment.
Herbicides do not actually cause resistance. Rather, resistant traits arise naturally within a weed population by chance mutations. The application of herbicides, just like with antibiotics and insecticides, kills off the sensitive biotypes, but any resistant biotypes survive and reproduce, passing the resistant traits onto their offspring. So the herbicide selects for the survival and spread of the resistant weeds-evolution in action.
"If you use too much of a single product for pest control, some pest will evolve to overcome that," says Kevin Black, a CCA for GROWMARK, Inc. "It's a natural ecological principle that's always been there, and that's what we're faced with right now."
The rising number of glyphosate-resistant weeds and media press about it has helped raise awareness of the general issue of herbicide-resistant weeds and management strategies to avoid resistance.
"I think the word is finally getting out and around" that herbicide-resistant weeds are a problem, says CCA and CPAg Orvin Bontrager, education director at Servi-Tech, Inc. "Growers need to be addressing it."
Roundup and the latest round of weed resistance
Glyphosate (also known by the Monsanto trade name Roundup) is a powerful broad-spectrum herbicide that was first developed in the 1970s. But it really exploded in popularity in the 1990s, as Monsanto's Roundup Ready crops came on the market. These crops are genetically engineered to tolerate glyphosate applications, so growers no longer had to worry about crop injury when spraying glyphosate over their crops. They also enjoyed glyphosate's effectiveness against a wide variety of weeds as well as its convenience and cheap price.
The Roundup Ready program also allowed farmers to reap environmental benefits, such as more no-tillage and reduced use of other herbicides that may have had a less favorable environmental profile than glyphosate. All of these factors contributed to the massive popularity of glyphosate as a postemergence herbicide, but the surge in use also quickened the development of weed resistance.
"When Roundup and Roundup Ready traits came along, it was so difficult to get the traits actually into a crop that scientists and companies like Monsanto thought that it would be very difficult for weeds to develop resistance," Cole says. "And for a number of years, growers were told by everybody out there to go ahead and just use the Roundup."
A lot of growers gravitated towards a "very simple programmed approach," Coles explains, based on one or multiple postemergent applications of glyphosate per year. The sole reliance on glyphosate every year in the same fields intensified selection pressure for resistant weeds. "More and more acres came under pressure from Roundup only," he says. "Over time … we naturally selected for the weeds that were more tolerant to Roundup." u the herbicide will cease to be a useful tool. "It's a valuable product; it's not going to go away. We're going to be using it, but probably largely in tank mix situations," Bontrager says.
"There are 150+ weeds on the label that don't have any resistance," Cole adds, "so it's still a great tool for growers to use. But now they have to think about the glyphosateresistant weeds, and they have to go back to a lot of basic agronomics."
Resistance management strategies
When it comes to herbicide-resistant weeds, prevention is the best medicine. Proactive strategies can help avoid the development of resistant weeds.
The first step for growers is to gain a familiarity with the weed issues in their fields. Even if herbicide-resistant weeds have been documented in a state, they may not necessarily affect a particular field. Growers should scout and determine what weeds are there and how they respond to herbicides, Cole says. "Growers need to understand what weed problems they have in there. For the last 8-10 years, they agronomy.org July-August 2010 | Crops & Soils 7 just sprayed Roundup on it and walked away. Well, they really need to scout."
If herbicide-resistant weeds are not yet present, a grower still has a chance to prevent or delay their development and preserve the effectiveness of each herbicide for future growing seasons.
To do this, the selection pressure from each herbicide must be reduced, York says. "The whole key is reducing the selection pressure from any particular mode of action. You do that by using more than one mode of action at a timelike a tank mix of two different modes of action-or something sequential, one product now and another later."
The philosophy behind this mixing and rotating is that if one weed is resistant to a mode of action and evades the product, the other product may kill it before the resistant weed has a chance to reproduce. So a knowledge of which class of herbicides each belongs to is crucial to ensure that a grower is mixing and alternating different modes of action in order to avoid weed resistance. Using a diverse herbicide mixture may cost more up front, but will pay off in the long-term avoidance of weed resistance.
If growers already have herbicide-resistant weeds, Bontrager advises them to "get into that program of going out early with some other modes of action of herbicides."
Into the weeds-rotating herbicide chemistries
Bontrager explains that many of his clients have avoided herbicide-resistant weeds by following good weed management strategies over the years. "We just haven't relied totally on glyphosate…. We've consistently used burndown or pre-emergence products for additional control." He says that's helped a lot in staving off resistance to glyphosate, by reducing the number of weeds it must work on postemergence.
In corn, various products exist for burndown and residual. Atrazine is a valuable component of many premixes and can be used with many other products to enhance their action. "We need to maintain that chemical, if we can, to help us out," Bontrager says.
Postemergence herbicide options for tank mixes in corn include dicamba products, which are synthetic auxins, HPPD inhibitors such as Callisto and Laudis, and Cadet, a PPO inhibitor. "But I don't think that [relying on tank mixes] is as effective as trying to prevent weeds up front," Bontrager cautions.
In soybeans, Bontrager encourages his growers to get a treatment on ahead of time with 2,4-D in it. "2,4-D goes a long way towards helping control some of those early summer annuals like giant ragweed, lambsquarters, and smartweed. If we can get that on a week or two ahead of time of soybean planting, that really helps." Use of preemergence and residual products can cut down on the number of glyphosate applications needed postemergence.
York notes that for soybean growers who are battling glyphosateresistant Palmer amaranth, "We still have some postemergence options if we're timely with the application-primarily PPO inhibitors such as Flexstar." But he is very concerned that overreliance on the PPO inhibitors may cause resistance to develop to that class, leaving soybean growers with even fewer options.
Limited chemical options in cotton, wheat
When it comes to cotton and wheat, York says growers in the southeastern U.S. are experiencing a lot of problems with resistant weeds.
Cotton, a slow-growing crop, is particularly threatened by glyphosateresistant Palmer amaranth, which readily outcompetes it. York says extension recommendations include lots of soil residuals at the front end of the season to get ahead of the Palmer amaranth, but he notes that timely rainfall is needed to activate these pre-emergence products, so their efficacy varies by year and region. In many cases, Palmer amaranth also has developed resistance to ALS inhibitors, so York admits that without glyphosate or ALS inhibitors, "We're pretty much out of post-emergence options."
In wheat, herbicide-resistant ryegrass is becoming a major problem u "The whole key is reducing the selection pressure from any particular mode of action. You do that by using more than one mode of action at a time-like a tank mix of two different modes of action-or something sequential, one product now and another later. " American Society of Agronomy especially since in many places ryegrass has also developed resistance to multiple classes of herbicides, both ACCase inhibitors such as Hoelon and Axial, and ALS inhibitors such as Osprey and Powerflex. "We're basically out of stuff to use," York says. The only thing left, he says, is a product called Axiom, which must be applied at the correct crop stage and requires timely rainfall for proper activation. In places were ryegrass resistance has not yet developed, he recommends alternating ALS inhibitors with ACCase inhibitors in order to preserve the life of both types of chemistry. "But in many cases we don't have that option anymore."
Cultural practices
An integrated weed management strategy should consider cultural practices that control weeds as well. These potential strategies can also help prevent the development of weed resistance and include: X Crop health: Keep the crop healthy so that it is naturally better able to outcompete weeds, making it more difficult for them to gain a foothold.
X Crop rotation: When diverse crops are used in a rotation, weed germination and growth cycles can be disrupted by the variations associated with each crop, including tillage system, planting date, crop competition, and herbicide choice. In a rotation, you do have the option of different modes of action of herbicides, York says, and that can help preserve the life of each chemistry class. But, he cautions, if a grower is still using the same herbicide mode of action, even on a different crop, it may still be placing the same selection pressure on weeds and not helping to stave off weed resistance.
X Tillage: Traditionally, growers relied on this strategy to combat weeds. "Mechanical control would help us out quite a bit if we could incorporate it into a system," York says. "But sometimes we just can't do that" due to cost or the potential for soil erosion. X Cover crops: Studies have shown that incorporation of cover crops can do a good job of suppressing even highly competitive weeds such as Palmer amaranth. But the investment in establishing vigorous cover crops can be substantial.
X Early weed control: As Bontrager explains, "You've got to get out early in the year. Don't just plant your crop into a weedy mess and then expect one postemergence attack to do the work for you…. The less weed pressure you agronomy.org July-August 2010 | Crops & Soils 9 have, the less chance of having individual resistant weeds or biotypes that will get away from you."
New products, new challenges
The focus of new and future products is on providing more chemical tools in the arsenal against weeds. For example, growers concerned about glyphosate-resistant weeds may now be looking towards the newer Liberty Link crops by Bayer CropScience, which are genetically engineered to tolerate glufosinate, or Ignite. "Our concern is that these guys with Roundup resistance are going to switch over and start depending so heavily on these Liberty Link crops that they're going to have a resistance problem pop up," York says. "Certainly the potential is there. So even for these new Liberty Link crops, we're talking more of an integrated management system to try to head off resistance." Says Monsanto's Cole, "We'd love to find another product like Roundup, but it's probably one of those once-acentury type products."
Monsanto is working on developing crops genetically engineered to tolerate other herbicides, such as dicamba, and 2,4-D. Cole says, "By no means are we advocating that growers change their best practices they've been working into, but these just add tools in their arsenal against glyphosate-resistant weeds… The goal is to offer growers choices."
York agrees that these future herbicide-tolerant crops will provide more tools, but they lack the one-pass convenience of glyphosate and the Roundup-Ready system. "They're going to have to be used in a complete program, especially to get those tough weeds like Palmer amaranth," he says, adding that the tendency for off-target movement of these herbicides to sensitive areas and crops raises some concerns about the potential for improper application. "They are not what growers would love to have, something like a glyphosate, where one shot just does a fantastic job."
Getting with the program
The bottom line is that growers must now be proactive. No longer can they rely on a single postemergence herbicide to do the trick. Instead, they will need to re-learn agronomic strategies they employed in the days before glyphosate. York's advice as an extension agent: "We're back to promoting management in terms of thinking ahead … doing things more timely than we've been doing recently. We've got to get back to being better managers. Think back, 10-15 years ago, to how you used to do things when you didn't have Roundup Ready. We've got to go back and basically be weed managers."
Cole says that Monsanto is working with academics and growers to help educate growers about weed resistance. For example, every year the company's technology use guide is mailed to any grower who has a license for one of its technologies. In recent years, it has incorporated updated recommendations for using Roundup with other herbicides and residuals in several crops. "We try to work with the academics in the areas that grow the crops to get the best recommendations," Cole says.
Monsanto and other companies are developing online tools for growers to use to manage resistance. For example, on the website weedtool.com, developed by Monsanto and academic scientists, a corn or soybean grower can "enter just 10 basic questions about weed pressure, or how they work their fields, or some basic agronomic questions about individual fields on their farm, and then get an estimate about how likely they are to select for resistance … and suggestions for best management practices."
Cole also cites the ongoing Benchmark Study (see http://weedscience.siuc.edu), a Monsanto-funded academic study of grower practices and weed resistance in Roundup Ready crops. Since 2006, researchers have surveyed hundreds of Roundup Ready crop growers about their practices, attitudes, and weed pressure in their fields and have instituted trials comparing various forms of weed management in Roundup Ready crops. Data are being collected over the years to help inform future agronomic recommendations for Roundup Ready systems. Results so far include the finding that about 80% of growers surveyed were aware of the potential of weeds to develop resistance to glyphosate herbicides, but fewer than 30% of growers indicated that glyphosate-resistant weeds were a serious problem. Additionally, only about 50% of growers surveyed believed that rotating crops or herbicides would be an effective management practice for reducing the potential risk of weeds developing resistance to glyphosate. So the need for education exists.
Cole stresses that resistant weeds are a serious, but manageable, problem. With appropriate agronomic practices, including rotation and mixture of herbicide classes, and incorporation of cultural weed control measures like crop rotation or mechanical control, the effectiveness of glyphosate and other resistance-prone herbicides can be preserved. But growers must manage for the long term and not rely on one product.
"We have sort of gotten spoiled by the convenience and the forgiveness of that Roundup system…. The bottom line is it's just going to cost more than it used to," York says. "Those easy days are over." X 10 Crops & Soils | July-August 2010
American Society of Agronomy New ReseaRch oybean is the most widely planted legume in the United States, with more than 74 million acres in 2008. Seed of current U.S. soybean cultivars contains approximately 42% protein and 20% oil on a dry-weight basis. Because of its seed protein concentration, soybean has a large nitrogen demand, often exceeding more than 179 lb/acre. Total nitrogen accumulation for soybean is supplied by two sources: (i) a symbiotic relationship with nitrogen-fixing rhizobia bacteria, Bradyrhizobium japonicum, that convert atmospheric nitrogen gas (N 2 ) to plant-available nitrogen in exchange for photosynthetically derived energy from the plant; and (ii) the residual soil nitrogen pool.
It has been estimated that nitrogen supplied by nitrogen fixation is in the range of 49 to 67% of the total nitrogen required. Inoculants containing Bradyrhizobium japonicum are avail-able for soybean production but may not be necessary in fields where soybean previously has been produced.
A survey of farmers in Indiana indicated that 18% used an inoculant while a sample of farmers in Wisconsin indicated that 85% use an inoculant. Current recommendations for states of the upper Midwest are to use an inoculant if fields have no history of soybean production in the past three to five years, a soil pH <6.0, sandy soil, low organic matter, or if they have been flooded for more than a week.
Researchers from several Midwestern states wanted to determine yield response and probability of an economic return from inoculants in fields with a recent history of soybean production. Fifty-one inoculant products were evaluated in experiments conducted in Indiana, Iowa, Minnesota, Nebraska, and Wisconsin between 2000 and 2008. Results from the study were published in the January-February 2010 issue of Crop Science.
Probability for a break-even economic return at a soybean sale price of $0.15/lb was 59% for Nebraska, 36% for Wisconsin, 25% for Minnesota, 25% for Indiana, and 4% for Iowa. Attaining a return on investment of 1 bu/acre (a 2:1 return) reduced success to 11, 2, 1, 7, and 0.2% for the five states, respectively. Data from this range of environments and products indicate that application of an inoculant offers limited success for either a yield increase or improved economic return on soils where soybean has previously been grown in the upper Midwest.
Previous work suggests that fields planted to soybean for the first time require inoculation to ensure the oc-S u Photo courtesy of http://elizabites.com.
Use of soybean inoculants in fields with a history of soybean not recommended agronomy.org July-August 2010 | Crops & Soils 11 currence of symbiotic nitrogen fixation and to encourage establishment of rhizobia populations.
A study in Midwestern U.S. grass pasture fields found the ability of soybean to form nodules decreased with the length of time since the last cultivation with soybean. Fields with a previous history of soybean typically have a large population density of rhizobia that range from 4.8 to 6.0 log 10 cells per gram of soil in Iowa and 5.5 log 10 cells per gram of soil in Minnesota. Response to inoculation decreases exponentially as the population density of rhizobia increases in the soil between 0 and 2 log 10 cells per gram of soil. It has been documented that in soils with a rhizobia population density >1,000 cells per gram of soil, the infection rate of rhizobia from inoculants is very small.
Today, most fields in the Midwest have experienced soybean in the rotation, likely increasing the population density of rhizobia. Several studies have shown no yield response to inoculation where soybean previously had been grown. A study in 2008 found that inoculants increased soybean yield in 6 of 14 site-years in fields that had been in soybean rotation, with an average yield increase of 1.3 bu/acre. In contrast, inoculants increased yield 14.8 bu/acre in fields in Michigan where soybean had never been produced and 1.9 bu/acre in a field in Iowa where soybean had not been produced during the previous 15 years. Improved inoculant technology coupled with low-cost products, ease of application, and increased commodity costs have many growers reconsidering the use of inoculants.
Extension agronomists at land grant universities in the U.S. continue to test soybean inoculants each year as part of their outreach programs. Information from these trials is often presented at extension meetings but not sum-marized and published in scientific journals. This article is the first attempt to quantify the regional impact of inoculants on soybean yield and the probability of return on investment. Different environments represented common soil types and climates for a majority of the U.S. soybean production region. No states included in this analysis gave a high probability of a yield response or positive return on investment. Based on these data, the widespread use of soybean inoculants in fields with a history of soybean is not recommended, regardless of price or ease of application. X Adapted from the January-February 2010 Crop Science article, "Probability of Yield Response to Inoculants in Fields with a History of Soybean, " by J.L. De Bruin, P. Pedersen, S. P. Conley, J. M. Gaska, S. L. Naeve, 
AMS Soil Probes
AMS soil probes are the most basic sampling tools for farmers, agricultural consultants, and soil scientists. Soil probes provide a simple, fast, and economic method of collecting small diameter soil samples for soil profiling, moisture determination, or chemical analysis.
• All soil probes are made of nickel-plated or unplated chromoly, or they are all stainless steel. • All probes feature a heat-treated tip that create holes larger than the outer diameter of the body for easy removal. • All probes may be used with AMS extensions, handles, and slide hammers. • Samples may be collected directly in the probe or with certain models, into a liner. • On replacable tip models four tip options are available for varying soil conditions. • AMS slide hammers, hammer-head cross handles, and adjustable footsteps are also available for additional downforce.
Soil Probes
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American Society of Agronomy New ReseaRch ellulosic ethanol has emerged as a leading candidate biofuel that could contribute significantly to meeting U.S. liquid fuel demand while reducing net greenhouse gas emissions. Feasibility of large-scale cellulosic ethanol production depends not only on the development of costeffective processing methods, but also on the availability of large quantities of cellulosic biomass for conversion to ethanol.
Researchers from Michigan State University looked at the expected profitability of six cellulosic feedstock crops compared with two corn-based systems under southern Great Lakes region conditions over a projected 10-year period. Results from the study were published in the March-April 2010 issue of Agronomy Journal.
At 2006-2009 costs and yields from literature, none would be more profitable than the corn-based systems. Poplar, switchgrass, and mixed grasses would require cellulose feedstock break-even prices of $110 to $130 per ton to be equally profitable with continuous corn.
For miscanthus, break-even cellulose prices are $200 per ton at current costs, but only $45 per ton if rhizome costs fall to near European levels, which is well within the range of temporary U.S. farm bill cost share levels for biomass harvest, transportation, and storage.
The researchers state that without targeted subsidies, native prairie and fallow old-field systems would not be competitive with corn or the other four cellulosic crops reviewed at current yields and foreseeable prices. Comparative break-even yields at a cellulose price of $60 per ton would require yield gains above benchmark literature values of 50% for switchgrass, 60% for poplar and mixed grasses, 140% for fallow old fields, 180% for native prairie, and 190% for miscanthus at current rhizome costs. Miscanthus requires no yield gains if reduced rhizome costs can be realized because it already breaks even at current expected yields and the assumed price of $60 per ton.
Impact of a biofuel economy
The impact of a biofuel economy on the U.S. agricultural landscape is potentially huge. To derive a significant portion of U.S. energy use from cellulosic biomass requires a half billion to a billion tons of plant products annually. The resulting high demand for land will have unknown consequences for sustaining food and fiber production for human populations, biodiversity in managed and unmanaged ecosystems, and the biogeochemical processes that underlie regulation of the biosphere.
The environmental and economic consequences of large-scale cellulosic biomass production will partly depend on which species are cultivated and how they are managed. Profitable production of cellulosic biofuel feedstock is a precondition for large-scale biofuel production. 
New ReseaRch
For revenues to exceed costs by itself is not a sufficient condition for growers to switch to cellulosic biomass crops. Farmers will also need to cover the opportunity cost of the crops that are displaced by cellulosic biomass crops.
Sustainable cellulosic biomass production should include a range of biomass sources, including trees, mixed grasses, native prairie, and natural succession species.
The researchers state that economic studies of biofuel feedstocks have tended to focus on the most promising crops, often corn stover, switchgrass, and recently miscanthus. Different studies have shown costs per unit dry matter for corn stover and miscanthus to be lower than that estimated for switchgrass production.
Corn still king
The research group states that at current yields and foreseeable prices, the profitability of dedicated cellulos-ic biofuel crops in the southern Great Lakes region falls far short of continuous corn. The value of the corn grain product makes corn stover the likely cellulosic feedstock for this region under a wide range of cost, price, and output scenarios.
The opportunity cost of continuous corn, a major factor in the breakeven prices and yields estimated by the researchers, hinges on soil fertility. Yet the yield and associated profitability of annual row crops such as corn and soybean are particularly sensitive to field conditions including slope, soil type, and fertility levels. The profitability of these row crops can be greatly reduced on marginal lands. Little information is currently available on the profitability of cellulosic biomass crops relative to corn under marginal field conditions, where the perennial root systems of switchgrass, miscanthus, and poplar may provide a significant yield advantage.
The researchers conclude that most current perennial, dedicated cellulosic biomass crops are unlikely to displace corn on cropland in the southern Great Lakes region at foreseeable prices for cellulosic biomass. The one exception that potentially could compete with corn is miscanthus if produced using low-cost rhizomes, although more data is needed to verify its winter hardiness, potential invasiveness, and pest susceptibility.
The potential for profitable production of dedicated cellulosic biomass crops may be greater on non-crop land where opportunity costs to the grower may be lower. Further research is needed into the production possibilities of biofuel crops on lands not currently used for intensive farming. X 
NRcs RepoRt
s the USDA Natural Resources Conservation Service (NRCS) marks its 75th anniversary this year, I am delighted that we are inaugurating this column in Crops & Soils magazine. Established in 1935 as the Soil Conservation Service (SCS), NRCS now focuses on the conservation of all natural resources to ensure that private agricultural and forest lands are conserved, restored, and made resilient to climate change. Like you, NRCS is committed to helping the working lands that feed and sustain us remain both healthy and productive.
With more than 70% of land in the lower 48 states in private hands, stewardship by private landowners is critical to the health of the nation's environment. So, providing conservation planning and technical and financial assistance through a variety of programs is a core aspect of our work. NRCS works at the local level, in field offices around the country, to help landowners identify and implement the conservation practices that best meet their needs. But an equally important part of our work involves de-veloping the science and technology on which good conservation depends.
An example of NRCS's commitment to producing and using scientific information is in the area of resource inventories and assessments-information that provides an essential baseline for any conservation effort as well as a means to evaluate progress. NRCS has a long tradition of conducting soil, snow, and water supply surveys at both local and national scales; the data are used by conservationists, producers, planners, investors, appraisers, engineers, scientists, and others who need science-based information to make decisions affecting their operations, communities, or key sectors of the economy.
Snapshot of our natural resources
The recently released National Resources Inventory (NRI) is the latest addition to this body of work. The NRI provides a "snapshot" of the nation's land, soil, water, and other natural resources on non-federal lands, which include private, tribal, and trust lands, as well as land controlled by state and local governments. The data are available for the 48 contiguous states, comparable across time, and contain a wealth of information to be mined by scientists and policymakers. Three points deserve particular mention:
X First, total cropland erosion (sheet, rill, and wind) declined by about 43% during a 25-year period, from more than 3.06 billion tons per year in 1982 to about 1.72 billion tons per year in 2007. This reduction, most of which occurred between 1987 and 1997, reflects a significant effort by American farmers to protect the soil on which they depend. All 10 farm production regions showed declines in erosion, with the Appalachian region showing the biggest decline in water erosion rates and the Southern Plains showing the most improvement in wind erosion rates.
X Second, total acreage of developed land during the same time period increased by almost 56%. About 40 million acres of land (including 14 million acres of prime farmland) were newly developed, bringing the national total of developed land to 111 million acres. This
The new National Resources Inventory 
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Canada East
Foliar fungicides, disease management for Ontario seed corn production ver the past few years, the promotion of foliar fungicides has increased in North America for commercial corn and soybeans. Very little work has been done in Ontario to investigate inbred-specific responses to fungicides; therefore, a multi-year study was started in 2008 in order to identify factors that would increase the probability of a seed corn grower making a profit from a fungicide application.
In 2008 and 2009, five and four commercial seed corn fields were selected in southwestern Ontario. At each location, four treatments were established, which included three fungicides: pyraclostrobin (Headline), azoxystrobin (Quadris), and azoxystrobin + propiconazole (Quilt), and an untreated control in which no fungicides were used. Fungicides were applied with the high-clearance field research sprayer. Plots were allowed to be naturally infected, and disease ratings were recorded before and after fungicide application.
Yield increases were observed for all fields individually regardless of which of the three fungicides were applied when compared with the untreated control except in one field in 2009. All three fungicides resulted in a significant yield increase each year when the data from all locations were combined as compared with the untreated control ( Fig. 1 ). Although the difference between the fungicide treatment and untreated control was significant, there was no significant difference between the three fungicides in 2008; in 2009, Headline and Quilt were statistically more significant then Quadris, but all three fungicides were significantly better then the untreated control.
Many of the corn inbreds used in commercial seed corn production are prone to many of the common foliar diseases found in the province. Fungicides have been utilized for many of these inbreds, and this trial supports the use of these products to limit disease and increase yields in seed corn production.
Project contacts
For further information on this project, please contact Albert Tenuta (albert. tenuta@ontario.ca), OMAFRA field crop plant pathologist, Ridgetown, ON, Canada; or Dave Hooker (dhooker@execulink.com), corn and wheat agronomist, University of Guelph, Ridgetown, ON, Canada. X By Brian Hall, edible beans and canola specialist, Ontario Ministry of Agriculture, Food, and Rural Affairs, Stratford, ON, Canada O means that more than one-third of all land that has ever been developed in the lower 48 states was developed during the last 25 years. As defined by the NRI, developed land includes rural transportation corridors such as roads and railroads as well as urban, residential, industrial, commercial, and other land uses.
X Third, cropland (including both cultivated and non-cultivated acreage) declined from 420 million acres in 1982 to 357 million acres in 2007. On the positive side, about half of this 15% reduction is attributable to landowners voluntarily enrolling environmentally sensitive cropland into the USDA's Conservation Reserve Program, which NRCS helps to implement. The NRI data are developed using scientifically credible, statistically accurate methods; reported trends reflect actual changes in resource conditions rather than differences in data collection or changes in protocol over time. As conservationists concerned about protecting America's working lands, we can find much in the NRI to celebrate but also much to heed. The erosion data are good news, and we must all-scientists, farmers, program managers, advisers, and policymakers-continue to make decisions that protect the soil even as demand for food and other agricultural products increases and available farmland is threatened by development pressures. In other words, we need to keep working lands working.
The NRI data will inform NRCS's future work, just as we hope it will inform the work of long-standing and important partners such as the American Society of Agronomy, the Crop Science Society of America, and the Soil Science Society of America. We look forward to sharing our views and news with you in this column on a regular basis as NRCS colleagues report on our field work and advances in research and technology. We hope also to hear how we at NRCS can be of help to you as we work jointly to protect the soil and other resources for future generations. X "Tissue sampling of growing plants in six Midwest states last year revealed deficiencies in one or more micronutrients," reports Robert Beck, CCA and regional agronomist for the company in Illinois. "Left untreated, they can result in yield losses of up to 6 bu per acre."
There are more than 100 chemical elements, yet scientists have found that only 17 of them are essential for plant growth (Table 1) . Three elements-carbon, hydrogen, and oxygen-are considered to be non-mineral nutrients because they are derived from air and water, rather than from soil minerals. Although they represent approximately 95% of plant biomass, they are generally given little attention in plant nutrition because they are always in sufficient supply.
The 14 mineral nutrients are classified as either macronutrients or micronutrients based on their plant requirements. There are six macronutrients:
Nitrogen, phosphorus, potassium, calcium, magnesium, and sulfur. Nitrogen, phosphorus, and potassium are often classified as "primary" macronutrients because deficiencies of them are more common than the "secondary" macronutrients, calcium, magnesium, and sulfur. The micronutrients include boron, chlorine, copper, iron, manganese, molybdenum, nickel, and zinc (see "Micronutrients and Plant Growth" on page 18).
" [Micronutrients] are a thousand times less concentrated in the plant," Beck says. "They're called micronutrients, not because they're any less important-they're still essential. It's just how much is needed in the plant."
Micronutrients and yield
While micronutrients occur naturally in soil, years of record-breaking yields have left many fields depleted, Beck says. Higher yields means more nutrients are being removed from the soil, and growers may not always give micronutrients the attention they give the primary nutrients.
"With a lot of these micronutrients, the active uptake portion of the plant root is generally that last half inch of new growth, so if you have hybrids and varieties of soybeans that continue to root well, they're exploring more and more new soil, so there's a chance that they're going to find these nutrients that have been placed out there and extract them from the soil."
But even if soils are rich in nutrients, they still may be unavailable to the crop.
"As you move to the West, you have high-pH soils, and those are soils that tend to be lacking in some of the micronutrients in terms of availability. The total amount is there, but because the pH is so high, and there's so much calcium dominating that system, they're not as available."
In most cases, tissue analysis is used as a diagnostic tool, not as a fertility management tool, Beck says. The difference is being proactive rather than reactive.
"As corn yields get higher and higher, we see more deficiency symptoms, so we thought, 'Is there anything we can do earlier in the game instead of reacting to deficiencies only after deficiency symptoms are detected?' "When it comes to micronutrients, a lot of them stripe, and some of them are just light yellow. There's not many of them that are very distinct, so being able to identify them visually is kind of a crapshoot…. By the time you see micronutrient deficiencies, it's very difficult to recover and get back up on the yield curve that you were looking for."
Beck says tissue testing before key growth stages can pinpoint micronutrient deficiencies while there is still time to correct them, but only a small percentage of growers are doing this.
Targeting with tissue sampling
In an effort to maintain healthy nutrient levels, some growers opt for a "shotgun" approach, adding a variety of micronutrients to crop protection tank mixes. Inefficient and costly, this method can still leave plants deficient if the wrong nutrients are applied or timing is off, Beck cautions.
"These guys get in such a hurry that they want to just throw the kitchen sink at stuff. The other day I was working with a guy and he had atrazine and Harness and Baythroid and glyphosate-he had everything in that tank! And he wanted to spray during [a cold spell], and he wondered why the plants weren't looking good. They were choked to death! "Sometimes, for example with glyphosate, if it's not mixed in the proper order, you can have some of the glyphosate be inactivated because it's a very strong chelater, and so you have to be careful about how you do some of these things."
Rather than the shotgun approach, Beck recommends tissue sampling (see "Collecting a Plant Sample" on page 19) as a simple, effective way to learn exactly how a crop is responding to its environment before input decisions are made. The sampling must be performed before crops reach critical growth stages when yield potential could be compromised.
"With corn, V4-V6 is a window we'd like to hit first, and we want at least 20 plants because you have to have enough tissue to have a good analysis. In that process, then you drop them in the mail, they go out overnight, and we try to have the results back in three days.
"We like to catch that V4 to V6 stage so that we have a chance to get data back and talk to the grower and get the application on before the V8 stage where that grand period of growth starts happening…. The other window is with tasseling-just 
compaNy stRategies
Micronutrients are essential to plant growth, yet are required in much smaller amounts than macronutrients. Following is an overview of the role and deficiency symptoms of the eight micronutrients.
Boron
Primary functions of boron (B) in plants are related to cell wall formation and reproductive tissue. Plants suffering from B deficiency exhibit chlorotic young leaves and death of the main growing point (terminal bud). In addition to chlorosis, leaves may develop dark brown, irregular lesions that will progress to leaf necrosis in severe cases. Whitish-yellow spots may also form at the bases of leaves. Due to disturbances in cell wall growth, leaves and stems of Bdeficient plants will become brittle and distorted, and leaf tips tend to thicken and curl. Affected plants will grow slowly and appear stunted as a result of shortened internodes (stem segment between points where leaves are attached). Because B tends to accumulate in reproductive tissues, flower buds may fail to form or are misshapen, and pollination and seed viability is usually poor in Bdeficient plants.
In alfalfa and canola, B deficiency symptoms include rosetting (the clustering of leaves in crowded circles), yellowing of upper leaves, and poor flowering. A well-documented B deficiency in sugarbeets is crown and heart rot. Along with stunted growth, symptoms include young leaves curling and turning brown or black in color. In later stages of the deficiency, the crown of the beet begins to rot and disease sets in, affecting the whole plant. The healthy part of the beet will be low in sugar.
Chlorine
Chlorine (Cl) is required by the plant for leaf turgor and photosynthe-sis. Until recently, little information was documented on Cl deficiencies, as symptoms were often misdiagnosed as physiological leaf spot. Plants with insufficient Cl concentrations show chlorotic and necrotic spotting along leaves with abrupt boundaries between dead and live tissue. Wilting of leaves at margins and highly branched root systems are also typical Cl-deficient symptoms, found mainly in cereal crops. Cl deficiencies are highly cultivar specific and can be easily mistaken for leaf diseases.
Copper
Copper (Cu) is needed for chlorophyll production, respiration, and protein synthesis. Cu-deficient plants display chlorosis in younger leaves, stunted growth, delayed maturity (excessively late tillering in grain crops), lodging, and, in some cases, melanosis (brown discoloration). In cereals, grain production and fill is often poor, and under severe deficiency, grain heads may not even form. Cu-deficient plants are prone to increased disease, specifically ergot (a fungus causing reduced yield and grain quality). The onset of diseasecaused symptoms may confound the identification of Cu-deficient symptoms. Winter and spring wheat are the most sensitive crops to Cu deficiency. In the field, Cu deficiency symptoms occur in irregular patches with melanosis being the most obvious symptom, particularly in wheat stands. Similar to Zn, forage that is deficient in Cu can cause a reduction in the reproductive efficiency of cattle.
Iron
Iron (Fe) plays an important role in plant respiratory and photosynthetic reactions. Fe deficiency reduces chlorophyll production and is characterized by interveinal chlorosis with a sharp distinction between veins and chlorotic areas in young leaves. As the deficiency develops, the entire leaf will become whitishyellow and progress to necrosis. Slow plant growth also occurs. When viewed from a distance, Fe-deficient fields exhibit irregularly shaped yellow areas, especially where the subsoil is exposed at the surface.
Manganese
Chloroplasts (plant organelles where photosynthesis occurs) are the most sensitive of cell organelles to manganese (Mn) deficiency. As a result, a common symptom of Mn deficiency is interveinal chlorosis in young leaves. However, unlike Fe, there is no sharp distinction between veins and interveinal areas, but rather a more diffuse chlorotic effect. Two well-known Mn deficiencies in arable crops are grey speck in oats and marsh spot in peas. White streak in wheat and interveinal brown spot in barley are also symptoms of Mn deficiency.
Molybdenum
Molybdenum (Mo) is needed for enzyme activity in the plant and for nitrogen fixation in legumes. Due to this interrelationship, Mo deficiency symptoms often resemble nitrogen deficiency symptoms with stunted growth and chlorosis occurring in legumes. Other symptoms of Mo deficiency include pale leaves that may be scorched, cupped, or rolled. Leaves may also appear thick or brittle, and will eventually wither, leaving only the midrib. 
Nickel
Zinc
Zinc (Zn) is needed by plants for growth hormone production and is particularly important for internode elongation. Zn has intermediate mobility in the plant, and symptoms will initially show up in middle leaves. Zn-deficient leaves display interveinal chlorosis, especially midway between the margin and midrib, producing a striping effect; some mottling may also occur. Chlorotic areas can be pale green, yellow, or even white. Severe Zn deficiencies will cause leaves to turn graywhite and fall prematurely or die. Because Zn plays a prominent role in internode elongation, Zn-deficient plants generally exhibit severe stunting. Flowering and seed set is also poor in affected plants.
Crop-specific symptoms include smaller leaf size in alfalfa, gray or bronze banding in cereal leaves, reduced tiller production in wheat and other small grains, and abnormal grain formation. In cattle, Zn deficiencies in forage have been shown to reduce reproductive efficiency. Zn deficiency generally does not affect fields uniformly, and deficient areas usually occur where topsoil has been removed. prior to tasseling to R1. You're looking at about V18-V19, somewhere in there, as a good time to pull [a tissue sample] just before the tassels come out." Sample windows will vary by crop and growing conditions, so Beck advises growers to start early by contacting their CCA to learn the right times for their operation.
"The moment seed is planted, growers should put tissue sampling on the calendar," he urges.
Managing soybeans
Unlike corn, where yield records continue to be broken, Midwest soybean yields appear to be reaching a plateau, according to Beck.
"People have traditionally not focused on soybeans," Beck says. "Everybody loves to grow corn. People plant and harvest soybeans…. They just plant them when they're done with their corn. They manage their corn, but they really don't manage their soybeans."
Beck says many growers are still planting at high seeding rates with untreated seed, knowing that they're going to lose some population.
"Just simply seed treatment alone is worth 2 to 4 bu [per acre]. And so why aren't people doing that? Well, they make their decisions at the last minute, they focus on corn, and they say, 'Well if we got a chance, we'll do it; otherwise we'll just pop them in and plant more.' And that isn't always a good idea because if you have too many plants out there, they kind of act like weeds to one another."
Beck also says that unprecedented weather conditions have raised the insect and disease pressure for soybeans to the point where yields are stagnating, and some growers are reporting declines. But crossing the 100-bu barrier is possible, he says, using a combination of best management practices including fungicides, insecticides, and micronutrients. u
Collecting a plant sample
To ensure quality results, plant samples should be taken from comparable locations (similar topography, aspect, and soil type) and at the same time of day. When testing samples for plant analysis, it is important to collect the part of the plant that will give the best indication of the nutrient status of the whole plant. The latest mature leaf is typically used; however, appropriate plant parts to test will vary with crop type and growth stage.
Collect numerous (20-30) subsamples of parts from plants that appear both abnormal and healthy, if possible. Subsamples may be combined for one sample. To gather plant samples, use a clean plastic or paper container (metal containers can contaminate samples). If the samples have soil, fertilizer, or spray residues on them, clean gently with a dry brush or with deionized or distilled water. Do not prolong washing because it can leach nutrients out of the tissue. Air-dry samples in the shade in either a paper bag or envelope.
To avoid decomposition, do not use plastic bags or send fresh samples. When mailing samples to the laboratory, include type and variety of crop, current and past crop management practices, irrigation frequency (if applicable), soil type (if known), visual appearance of crops, and any insect or disease problems. 
compaNy stRategies
A 2009 Illinois soybean study conducted by Winfield Solutions and Lake Land College demonstrated the impact of carefully timed micronutrient applications on yield.
"Tissue testing just before the critical R1 reproductive stage indicated deficiencies in several key micronutrients," Beck explains. "After a foliar application of boron, iron, manganese, molybdenum, and zinc, provided by AgriSolutions MAX-IN for Beans, a second round of tissue sampling revealed healthy micronutrient levels. Even better, side-by-side yield results showed 4 to 6 extra bu per acre over untreated crops, which is economically and statistically significant."
Tools for analysis
To translate tissue sample results into action plans, Winfield Solutions has teamed up with its partnered dealerships and testing laboratories to deliver results using its proprietary NutriSolutions Tool (Fig. 1) . Beck says this value-added service gives growers a deeper look into plant-soil relationships and provides recommendations on micronutrient applications and more to help crops reach their full potential.
"Each season, growers put their livelihoods on the line when they sink seed into the ground," Beck says. "Tissue sampling is a smart way to monitor crop health and prevent costly missed opportunities to correct micronutrient deficiencies."
Beck says he usually recommends a targeted foliar application to make up for any micronutrient deficiencies detected in the tissue analysis.
"As we've moved towards this foliar approach, we're seeing some differences," he says. "We can move [a micronutrient] into the plant pretty much right where the plant is going to use it. So it doesn't have to translocate from the roots on up to the stem and into the leaves-it's right there, right now."
Beck urges growers to work with their CCA to determine the right approach for each operation.
"It comes down to using sound agronomics, applying the right nutrients, in the right levels, at the right time. Growers who partner with professionals and tap into strategic tools will continue to push expectations on yield potential." X
Portions of this report were derived from the Montana State University Extension publication Plant Nutrition and Soil Fertility, by Clain Jones and
Jeff Jacobsen (http://landresources. montana.edu/nm/Modules/NM%20 2%20mt44492.pdf).
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July-August 2010 | Crops & Soils 21 ceRtificatioN e have redesigned the CCA website (www. certifiedcropadviser. org) after listening to users, talking with web experts, and evaluating web-related data. 1 The goal was to implement new technology that will help improve the functionality of the pages as well as to improve the overall navigability. The new web pages were completed and launched in June. Hopefully you have had a chance to try them out.
The web address did not change, but if you have bookmarks in your favorites list to certain pages, you will need to update them since they may not work in the new layout. You will also be able to customize what appears when you connect to the web page. On the right side of your screen, there will be boxes listing the most commonly used pages. This area will be unique to you, so what you use the most will appear in this area, making those items easily accessible on your next visit.
The website is laid out in three columns. The left side will be features with a longer life to them, the center view will be the most recently added information, and the right side, as I mentioned above, will be your most frequently visited pages and the more commonly used items by CCAs. Across the top in brown are the most commonly used links, and above that in green are the secondary items. We tried to prioritize links based on user feedback and usage data.
Remember to delete your old bookmarks and set new ones when you visit the new pages.
Going paperless
As we adopt new technology, keep an eye on costs, and evaluate how you, our clients, use the services we provide, we have found that the vast majority of you (90%+) are well on your way to doing as much as possible via the web. There are multiple types of forms that you can use to report your CEUs, and all can be found on the website; however, until now, not all have been truly 100% electronic forms where you can enter data and send the form without having to print it or ever handle the paper. Now you can! When reporting your CEUs as self reported for CCAs or reporting other than professional meetings for CPAgs and CPSS/Cs, use the web-based form. You can enter the information online, hit submit, and you're done. You can save an electronic copy or print it and save the paper copy for your records in the event of an audit. It will save you time and money. The money savings comes as reduced staff time on our end to process the forms, which allows us to keep the certification fees lower, saving the program, and ultimately you, money.
Check out the new websites and don't forget to update your favorites list. While you're there, update your contact information to make sure we have the latest information, especially your email. Please start using the online forms to report CEU data if you don't already do so. X 
Soil Science Step-by-Step Field Analysis Sally Logsdon, Dave Clay, Demie Moore, Teferi Tsegaye, editors
Natural resource manager, agronomist, land use consultant, educator, environmental consultant.... The lines are blurred, the questions are complicated, and soil science is required knowledge. Soil Science:
Step-by-Step Field Analysis provides the knowledge for conducting specific activities related to improved natural resource management. Readers will learn both new procedures and tips for improved performance in the field, with a focus on usefulness for real-life applications.
Learning objectives:
• safety protocols for soil sampling • soil profile description • reducing sampling error for samples sent to a lab • understanding variability of soil properties-pH, electrical conductivity, nutrient levels, and salinity-and how they affect crop growth • site evaluation for specific end uses • installing wells and piezometers, monitoring water Step-by-Step Field Analysis is available for purchase at www. societystore.org. 
Self-Study Course
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During rain or irrigation, incident water can either enter the soil, or run off. Infiltration operates as the partitioning "switch" at the soil surface. Infiltration rates that are smaller than the precipitation rate will eventually result in surface ponding of water, leading to the creation of runoff. Surface run-off water is not buffered or filtered by its passage through soil. Instead, its quality often deteriorates during its flow across the soil surface, especially if it picks up sediments, nutrients such as phosphorus (P) or nitrogen (N), pesticide residues, or fecal bacteria. This run-off water can rapidly transport these contaminants into surface water bodies, leading to environmental problems such as algal blooms or human health risks in rivers and lakes. Measurements of infiltration rates are needed to assess and manage these risks.
Another application of infiltration data is in the design of sustainable irrigation and effluent disposal schemes. Irrigation rates should be smaller than the infiltration rate at the soil surface and below the saturated hydraulic conductivity of the topsoil. This prevents run-off, surface sealing, and the degradation of the soil's aggregate structure.
The soil's hydraulic conductivity function is also a key input for many water and solute transport simulation models. These are used by scientists, land managers, and policy agents to assess the production responses and environmental impacts of land-use practices.
Often, however, the flow of infiltrating water through soil is not as uniform as our theories and models assume. Rather, a small fraction of the pore space, which is often connected, rapidly transports the majority of the infiltrating solution, with far-reaching consequences. Such flows occur, for example, thanks to macropores, which can originate from cracks, decayed root networks, and earthworm channels. Water and solutes often flow only through this preferential fraction of the soil's volume, bypassing the bulk of the soil's
Summary
The hydrology of our soils is controlled by the physical processes operating at the soil surface. We describe the new measurement techniques that are improving our vision of these processes. Tension infiltrometers can be used to determine the infiltration rate into soil and to measure the soil's near-saturated hydraulic properties. These properties reveal whether there is likely to be preferential, or bypass, flow through the soil. Tipping-bucket water flux meters can be used in the field at remote locations to provide a detailed temporal record, in real time, of the flow of water and transport of solutes moving through the surface soil. These observations, along with new modeling schemes, are increasing our ability to predict the hydrological functioning of surface soils. 
Markus Deurer Brent Clothier Steve Green
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Soil Science:
Step-by-Step Field Analysis matrix. This behavior occurs because of the higher hydraulic conductivity, and greater continuity of the large macropores, compared with the pores in the rest of the soil matrix.
Preferential flow also regularly occurs if water-repellent zones develop in very dry soils. Such zones are either bypassed by water and solutes or traversed in the form of a few isolated "fingers".
When does preferential flow matter? It matters, for example, when assessing the leaching risk associated with surface-applied substances, such as pesticides and bacteria. This is especially true when the concentrations, however small, that reach the groundwater do actually matter in terms of water quality. Preferential flow can reduce the water use efficiency of irrigated crops and might reduce the efficiency of surface-applied substances such as fertilizers or herbicides. If the location of the source of the substance is within the soil matrix, as for example might be the case for mineralized nitrate, then the risk of groundwater contamination due to preferential flow is less because the mineralization occurs within the matrix, isolated and insulated from the bypassing flows. Preferential flow is most significant when the soil is either close to saturation or very dry. Large earthworm channels and pedogenic cracks can only conduct water if ponding occurs at the soil surface or the orifice of the macropore. Water repellency only develops in dry soils below a critical water content.
Field Measurement Devices
We recommend tension infiltrometers (also known as disk permeameters; Perroux and White, 1988) to measure the infiltration rate and derive the unsaturated and saturated hydraulic conductivity properties of field soils. In addition, the use of tracer chemicals in infiltrometers can be used to identify the fraction of the soil's water content that can be classified as either mobile or immobile (Clothier et al., 1992) , plus the exchange between these domains (Jaynes et al., 1995) . Other devices can be used, and their strengths and weaknesses are described elsewhere (Clothier, 2001; Reynolds and Elrick, 2005) .
To directly measure drainage fluxes and transport through soil and to estimate the degree of preferential flow in the field, we recommend the use of water-flux meters in combination with measurements of the soil's water content.
Tension Infiltrometry
Two forces control infiltration into and drainage through soil: capillarity, associated with the nooks and crannies of the soil's porous networks, and gravity, which attracts water downward toward the center of the earth. Flow in fine-textured soils is dominated by capillarity, and for coarse-textured soils the dominant force is gravity. Sorptivity is an integral measure of the soil's capillarity, and hydraulic conductivity is a measure of the ease with which water can pass through a soil under a given total potential gradient. Tension infiltrometers are devices that can be used to measure the soil's capillary and conductive properties (Fig. 1) . Several companies sell tension infiltrometers. Their cost ranges from $1500 to about $3000, depending on components and accessories (Table 1) . Commercially available tension infiltrometers are sold pre-calibrated. 
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Step-by-Step Field Analysis
Preparation
It is best to assemble the infiltrometer before field use by filling it with water to check for possible leaks. If air enters the reservoir, water will leak out because the infiltrometer has not "held" the suction (or pressure head) set by the air-entry tube at depth h 0 in the bubble tower (Fig.  1) . Leaks can occur because the nylon cloth that covers the base of the infiltrometer disk can be easily punctured with little holes. If this occurs, then the nylon cloth will need to be replaced. Companies that sell infiltrometers supply procedures for how to test systematically for leakages and how to fix them (e.g., http://www.soilmeasurement.com/ tension_infil.html). It is convenient to transport the waterfilled infiltrometer to the field in a bucket and then set the air-entry tube to h o and place the infiltrometer in a retort stand, off the ground, to await placement onto the specially prepared surface. Again, check for air leaks before placement onto the soil. Level the measurement surface and remove all protruding plant stalks, roots, or other debris. For all but sandy soils, cover the measurement surface with a thin (2-3 mm) layer of contact sand ( Fig. 2A) .
Mini-disk-infiltrometers, a single tubular assembly that combines the bubble-tower and reservoir into one unit, are available for easy and robust use in circumstances where a quick assessment of the soil's hydraulic properties is sought (http://www.decagon.com/environmental/infiltrometer). These have the advantage of portability. Because they use little water, they can be used in remote locations. They only sample a small volume of the soil, however, so more replications will be required to obtain confident results.
Here we describe the use of tension infiltrometers, which analyze flow measurements from at least two pressure heads h o to resolve the two components that control infiltration into soil: capillarity and gravity ( Fig. 1) (Ankeny et al., 1991) .
A tension infiltrometer can measure the infiltration rate into a soil at pressure heads between 0 and −300 mm, depending on the device. The pressure head is set by adjusting the air-entry tube in the bubble tower (Fig. 1) . The distance from the bottom of the tube to the water level within the bubble tower, h o , is the tension, or pressure head, at which the water infiltrates from the disk into the soil at rate Q (mm h −1 ) (Fig. 1) . Make sure there are no air bubbles sit- Infiltration Rate, Hydraulic Conductivity, Preferential Flow 225 ting above the membrane. If so, then get rid of them by tilting and rotating the infiltrometer in such a way that the air bubbles escape up into the reservoir.
Measurement at a Single Depth
Set the disk firmly on the contact sand with a slow, forceful downward motion. Do not twist the infiltrometer because that could dislodge the membrane from its assembly or puncture the membrane. The entire disk needs to be in contact with the contact sand. Use your finger and draw a small trench around the disk to ensure that infiltration occurs in the area of contact sand that is the same radius as the disk, r o (Fig. 1 and 2) . Capillary forces dominate the early phase of flow, and then the geometry and dominance of gravity forces establish the phase of steady-state infiltration (Fig. 3 ). The infiltration rates are measured by recording the water level in the water reservoir versus the time (Fig. 3) . The water reservoir is the larger of the two towers on the infiltrometer (Fig.  1) . Either record the water level in the reservoir at preset times, such as every minute at the start and later every 10 min, or measure the times at preset changes of the water level, such as at every 5-mm decrease of the water level. Some infiltrometers use a differential-pressure transducer in the water tower that is connected to a data logger so the readings can be automated.
Measurement at Multiple Depths
To measure the infiltration rates at several depths in the soil profile it is best to dig a soil pit first. Flat, horizontal surfaces can be carefully excavated in the shape of a staircase (Fig. 2C ). Make sure that the steps are large enough 
226
Step-by-Step Field Analysis to replicate the measurements. If the contact sand is very slightly pre-wetted, it makes it easier to spread, and stops it falling down macropores, which would otherwise create "wicks" that would enhance infiltration.
Notes
In general, the duration and frequency of measurement of the infiltration rate depends on the value of the pressure head h o , the soil type, and the wetness of the soil. For example, if one wants to derive the hydraulic conductivity at a specific tension, then it is necessary to wait until a steadystate infiltration rate is reached. This may well take more than an hour, especially at smaller heads, say h o less than −100 mm, when the flow is more unsaturated.
As a rule of thumb, at least three to four consecutive readings should show about the same infiltration rate, namely steady state. Once a measurement at a specific pressure head is finished, the air-entry tube in the bubble tower can be adjusted to the next tension. Care must be taken that the contact between the disk and the soil remains intact or is re-established. Before the next measurement, make sure there is still enough water left in the reservoir to finish the next measurement sequence.
Typically start with the lowest, that is the most negative, pressure head. Depending on the soil and the pressure head being applied, it might take some time before you can see the infiltration start, as indicated by air bubbling into the reservoir. If it takes too long, especially in heavy-textured soils, you might then decide to reduce the pressure head. If the infiltration still does not start, then it could be that the disk does not have good contact with the soil or, that the soil is hydrophobic (Tillman et al., 1989) .
We recommend measuring the infiltration rates at three or four pressure heads. The infiltrations measured between the low-tension pairs of, say typically −150 mm and −80 mm, would describe the conductivity of the soil's matrix, and the results from the higher-tension pair of about −20 mm and −10 mm can provide a measure of the conductivity of the macropores (Fig. 3 ).
Interpretation and Use of the Data
Several hydraulic and solute-transport properties can be derived from tension infiltrometry, and these can be based on a variety of methods. Here, we list the most important of these properties and refer the reader to some helpful references. This information is also contained, in part, in the manuals or spreadsheets that accompany commercially available infiltrometers, such as that provided by Soil Measurement System on http://www.soilmeasurement. com/tension_infil.html.
Hydraulic properties that can be derived from tension infiltrometry include: Hydraulic Conductivity.
■
A variety of methods are available, most of which rely on solving Wooding's equation (Wooding, 1968) for a circular surface disk-source of water maintained at head h o . See Clothier (2001) , Hopmans et al. (2007) , Logsdon and Jaynes (1993) , and Reynolds and Elrick (2005) .
Sorptivity.
■
Sorptivity is a measure of the soil's capillarity. Depending on the method used for sorptivity determination, knowledge of the water content at the start and the end of an infiltration measurement period at a specific tension is needed. We recommend taking a sample directly adjacent to the infiltration disk at the start to determine the antecedent conditions, and from just below the contact sand at the end of the measurement to measure the water content at head h o . See Clothier (2001), Hopmans et al. (2007) , and Reynolds and Elrick (2005) .
Flow-Weighted Mean Pore Diameter.
■ From knowledge of the soil's conductivity and capillarity it is possible to infer the size of pore that would account for the flow characteristics observed as the infiltration rate changes with pressure head. In general, the more the conductivity changes between successive heads, the larger the size of the "average" pore. See Clothier (2001) , Reynolds and Elrick (2005) , and White and Sully (1987) .
Mobile and Immobile Fractions.
■ By placing tracer chemicals in the reservoir of the infiltrometer, and then sampling the soil beneath the infiltrometer to determine the final resident-concentration of tracer, it is possible to determine the fraction of the soil's pores that were involved in the infiltration of the solution from the infiltrometer-the so-called mobile water content. By repeating this sequentially using multiple tracers, it is possible to determine the solute-exchange rate between this fraction, and the so-called immobile fraction of the soil's water. These ratios, plus the inter-domain exchange coefficient, are useful parameters in the dual-domain modeling of preferential flow. See Clothier (2001) and Jaynes et al., (1995) .
Hydrophobicity.
■
If glass tension infiltrometers filled with a solution of 95% ethanol are used, then a measure of the soil's sorptivity for ethanol can be obtained. If this result is compared with the sorptivity from permeameters filled with water, then the ratio of the sorptivities should scale in relation to the different surface tensions of ethanol and water, namely 1:1.95. If the soil were hydrophobic, then this ratio would be larger, as the water sorptivity will be less than expected. This can be used as a measure of the water repellency of the soil. Do not use ethanol in acrylic infiltrometers as it causes them to disintegrate. See Clothier et al. (2000) and Tillman et al. (1989) 
Water-Flux Meters
Water-flux meters are devices that have only been developed recently, and currently only a few companies sell them. These include Decagon of Pullman, WA (http://www. decagon.com/) and Sledge Products of Dayton, OR, USA (www.sledgesales.com) (Table 1) . It is fairly easy to build them, and the cost for the materials for a single flux meter is about $500 (Table 1) . Different designs exist. We will focus on the tipping-bucket water-flux meter (TWFM).
Water-flux meters are devices that are used to monitor and better understand solute transport in unsaturated soils. In our experience, water-flux meters can only be installed above the highest level of the water table. Otherwise, they will rise with the water table. A typical application for the water-flux meter is monitoring of pesticide and nutrient leaching from an agricultural field (Fig. 4) . In this case, we would recommend installing the flux meters just below the plow layer. Another application could be to monitor the leaching of dissolved organic carbon from the topsoil of a grazed pasture (Fig. 4) . Here, the top column would end at the soil surface. The TWFM typically consists of three assemblies (Fig. 5) :
The Convergence Ring. The first part is a convergence ring with the same diameter as the funnel (~0.2 m) to prevent the sideways movement of water and solutes away from the sampling device (Part 2 in Fig. 5B ). This tube can enclose repacked soil, or preferably it can also be used to collect undisturbed cores that are "bolted" directly onto the other two assemblies before installation in the field. For coarse-sandy soils, the convergence ring should have a length of about 0.15 m (6 inches) to prevent flow away from the collection unit. For finer-textured soils, and for sites with small water fluxes, a length of 0.6 m (24 inches), or more, is recommended (Gee et al., 2002) . This convergence ring can be sharpened at the bottom and carefully "pounded" or hydraulically pressed into the soil to the desired depth of measurement. This is best done when the soil is close to field capacity. The cylinder containing the undisturbed soil is then excavated, and the base carefully smoothed to ensure a good hydraulic connection with the collection unit. Alternatively, the soil can be refilled and repacked in the tube layer by layer so that the depth profile and bulk density of the soil in the tube is similar to the surrounding soil. The protruding tubes are for the calibration of the tipping spoon (lightcolored tube) and the extraction of the soil solution (darker tube). Additionally, a CS616 soil moisture sensor was installed to measure the soil's water content (see the chapter on bulk density in this volume, Logsdon et al., 2008 Fig. 5B ), a wick (Part 5 in Fig. 5B ), plus a tipping spoon (Part 8 in Fig. 5B ), or dropcounting mechanism. The wick comprises two intertwined fiberglass ropes (Pepperell Braiding Company, Pepperell, Massachusetts, USA), each with a diameter of 12.7 mm (0.5 inches). The wick has to be "cooked" at 400°C ( more than 750°F) for at least 3 hours to remove any organic residues that might make the wick hydrophobic (Knutson et al., 1993) . The wick is then inserted through the neck of the funnel. More information on the hydraulic properties of the wick can be found elsewhere (Knutson and Selker, 1994) . About 0.15 m (6 inches) of the wick is left above the funnel neck. This part of the wick is then unbraided into its individual strands, and then these are spread across the funnel top. To prevent soil from entering the funnel, a thin layer of diatomaceous earth is placed on top of the unbraided strands of wick. The convergence ring containing the soil is then "bolted" on top of the funnel. We recommend gluing both parts together, as well as inserting screws horizontally to provide sufficient strength should the TWFMs need to be removed from the soil.
The length of the wick, l o , akin to h o for the tension infiltrometer, which extends vertically below the funnel establishes the suction head, l o , that will be applied to the bottom of the soil column (Part 2 in Fig. 5B ). The length of the wick below the base of the soil column is the suction head created there, namely l o . A wick length of between 0.6 and 1.0 m (24-39 inches) is often recommended (Gee et al., 2002) , although this can be shortened if, for example, TWFMs are sought to mimic tile drains. Because the suction head, l o , is constant, during the course of the year, such a set wick length might lead to over-sampling during the wet season, Step-by-Step Field Analysis or under-sampling during the dry season (Mertens et al., 2007) . Unfortunately, a seasonal change in wick length is not practically feasible at this time.
The tipping spoon needs be calibrated after the installation of the TWFM in the field because the installation might lead to the TWFM being aligned somewhat off-vertical. A known volume of water is injected down the calibration tube that ends just above the tipping spoon (Part 7 in Fig.  5B) . One spoon tip is about 5 mL. For example, if we assume a cross-sectional area of 314 cm 2 for a 200-mm-diameter convergence ring, then we achieve a resolution in the drainage depth-equivalent of 0.15 mm.
The tipping spoon (Rain-O-Matic, Pronamic Co. Ltd., Sikeborg, Denmark) can easily be automated by connecting it to a data logger with a pulse counter. Continuous monitoring of the water flux, at high temporal resolution, is possible, and if the data logger is connected to a modem, this can be done remotely, while allowing interrogation in real time. Note that the commercial unit of Sledge Products has two tipping spoons in series, for redundant measurement capability.
The Collector. The third part of the TWFM is the collector (Part 6 in Fig. 5B ). The other two parts are simply glued, and preferably screwed on top of the collector. The length of the bottom column depends on the wick length, and on the intended collector capacity to store solution. A length of about 1.2 to 1.5 m (4-5 feet) is usually sufficient. The bottom column also contains another tube (Part 9 in Fig. 5B) , which ends at the bottom of the collector. This is used to extract the soil solution (Gee et al., 2003; Van der Velde et al., 2005) . Once all three parts are assembled, the TWFM is ready to be installed in the field.
Installation and Use in the Field
A borehole with a diameter slightly larger than the TWFM is augered to the required depth. This depth depends on the intended depth of measurement and the overall length of the TWFM. To insert the TWFM into the hole we recommend drilling two holes at the top of the convergence ring (Part 2 in Fig. 5B ) and inserting a rope through them. When first augering the hole we advise to carefully separate the soil above the water-flux meter into layers of about 0.1 m (4 inches) because the soil above the TWFM Infiltration Rate, Hydraulic Conductivity, Preferential Flow 231 needs to be replaced and repacked in the same order and at the same bulk density as the surrounding soil. The respective soil material can be stored in the right order, for example, in a series of color-coded buckets, before replacement. In some cases, the convergence ring (Part 2 in Fig.  5B ) can be aligned with the soil surface, as is the case with the TWFM in Fig. 5C .
The water flux in the meter can be continuously recorded with a data logger (Fig. 6) . Therefore, the amount of soil solution that can be extracted from the flux meter is always known. Thus, it is possible to collect a soil solution that is weighted by a known cumulative water flux. Depending on the application, a sampling after every 10 mm of water flux can be made, or it can be performed after a given time-interval, or even following a "call-out" after a known volume of drainage has been remotely detected. With TWFM, plus associated measurements of rainfall, and the soil's water content by time domain reflectometry (TDR), it is possible to obtain temporally detailed information about the soil's hydrological functioning at remote locations, in real time.
Water-flux meters can be used to monitor and better understand solute transport in various ways. At the field scale, due to the high spatial variability of hydraulic properties, we recommend the installation of many water-flux meters to derive the average solute transport. The results can be used, for example, to calculate the amount of applied fertilizer that leaches below the root zone.
Interpretation and Use of the Data
An estimation of how preferential processes affect solute transport in a cropped field, even with TWFM data collected over a long time period with a high degree of (Fig. 6) , cannot be derived using TWFMs alone. To complement these measurements, we recommend using a numerical solute-transport model, such as SPASMO (Rosen et al., 2004) or HYDRUS (Šimùnek et al., 2003) , to achieve a more comprehensive understanding. The combination of measurements and modeling enhances the understanding of infiltration, drainage, and preferential-flow processes. For example, solute transport can first be simulated with a model assuming no preferential flow. These model results can then be compared with the data from the TWFMs.
If solutes were transported downward much more quickly, or with much less water, than simulated, then the flow must have been preferential. To run these models requires the following additional information, and parameters: the initial solution concentrations in the soil, the amount and basic properties of solutes applied, crop uptake, some basic soil hydraulic properties, and meteorological data.
The initial solution concentration in the soil can be obtained ■ by soil sampling before the start of the experiment.
The basic soil properties can be measured or can be derived ■ from soil maps using pedotransfer functions (Nemes and Rawls, 2004) .
Meteorological data can be obtained from a nearby weather ■ station or from synthetic weather generators.
A simple means of calibrating the simulation model is by ■ checking whether the model can reproduce the key measurements as a function of time (Fig. 6 ). In addition, a tensiometer could be easily installed near a TWFM and connected to the same data logger. Placing a tensiometer both inside and outside the convergence tube, both at the mid height of the tube, can provide a way to estimate the effect of water flow around, or into, the flux meter.
For conditions where dry soil or large amounts of plant ■ water extraction are expected, it may be possible to use heatdissipation probes, such as those produced by Campbell Scientific (http://www.campbellsci.com/soil-water-potential), instead of tensiometers for monitoring soil water potential.
Conclusions
New devices and electronic technologies have resulted in advances in our ability to parameterize the hydraulic characteristics of soil, and to observe and monitor its hydrological functioning. These measurement devices have resulted in knowledge and understanding that will ensure the continued productive capacities of our soil, promote the efficient use of input resources, and protect receiving environments. 
coNtiNuiNg educatioN
July-August 2010 Self-Study Quiz
This quiz is worth 2 CEUs in Soil & Water Management. A score of 70% or higher will earn CEU credit. The International CCA program has approved self-study CEUs for 20 of the 40 CEUs required in the two-year cycle. An electronic version of this test is also available at www.certifiedcrop adviser.org. Click on "Self-Study Quizzes to Earn CEUs."
